• Calcium silicate hydrate (C-S-H) reaction products in
• Calcium hydroxide (Ca(OH) 2 or CH) hardened concrete 3 • Ettringite (hexacalcium trisulfoaluminate hydrate or C 6 AS 3 H 32 ) • Monosulfate (tetracalcium monosulfoaluminate hydrate or C 4 ASH 12 ) • Calcium carbonate, CaCO 3 (product of atmospheric carbonation) 1 The clinker minerals may form solid solutions, thus the given chemical composition is only approximate. 2 The cement/concrete literature nomenclature uses a shorthand approach to oxide chemistry, C for CaO, S for SiO 2 , A for Al 2 O 3 , F for Fe 2 O 3 , S for SO 3 , H for H 2 O, M for MgO, K for K 2 O, and N for Na 2 O. 3 All these hydration products play a certain role in improving or diminishing concrete durability. they may differ in detail from ASTM classification, characterize cement types by similar criteria. These characterizations are essentially related to the mineralogical composition of the particular cement type because the proportions of the various minerals present in clinker control to a certain degree the performance of the cement in concrete. For example, high early-strength cement will typically be made of clinker containing high amounts of fast-reacting tricalcium silicate and tricalcium aluminate, and will be ground to higher that usual fineness to increase the rates of the hydration reactions and thus, the rate of strength development. In a similar way, the so-called sulfate-resisting cements, such as ASTM Type V, will have low amounts of tricalcium aluminate to decrease their susceptibility to the formation of expansive ettringite in cases where the concrete is exposed to a sulfate-rich environment.
When cement is mixed with water, the compounds present in the cement react to form various hydration products. The process of hydration is complex, as the individual compounds hydrate exothermally at different rates, releasing different amounts of heat, forming hydration products of different crystalline structures, and having unique affects on the physical properties of concrete and its stability in the environment of use (Fig. 2) . Table 3 briefly summarizes the most important hydration reactions of Portland cement. The key reaction product of the hydration of calcium silicates is calcium silicate hydrate (C-S-H). It is a high specific surface area, semi-amorphous hydrate of variable composition that has the ability to bind together the other concrete components (sand, aggregate), thus forming an 'artificial stone'. The exact chemical composition of C-S-H depends on the cement composition, processing conditions, and the environment (temperature, humidity). Calcium hydroxide (Ca(OH) 2 or CH) is the primary by-product of calcium silicate hydration and its importance is primarily in maintaining a high pH of the hardened concrete system. Both C-S-H and www.witpress.com, ISSN 1755-8336 (on-line) Table 3 : The basic hydration reactions of the primary cement components (oversimplified).
Reactants
Reaction products Importance C 3 S, H C-S-H, CH Rapid rate of hydration. Semi-amorphous C-S-H is the primary binder giving concrete its engineering properties. CH maintains high alkalinity, but is of marginal importance as a binder; may result in low durability.
C 2 S, H C-S-H, CH
As above. Slow rate of hydration. CH are vulnerable to external chemical influences, thus playing an important role in concrete durability.
The aluminate and alumino-ferrite phases react in the presence of sulfate to form ettringite or monosulfate. Sulfate is added to Portland cement to regulate the time of the initial and final set. In the absence of sulfate, the hydrating cement would solidify before the concrete is properly placed and finished. Thus, ettringite is a normal and expected product of early cement hydration and its presence in concrete is not, by itself, evidence of concrete deterioration. As will be explained later, ettringite formation at later ages, when the hardened concrete is exposed to an external source of sulfates, may be deleterious because, depending upon the environmental conditions, such ettringite may be expansive and may lead to severe cracking of the concrete microstructure.
During the hydration process, the overall volume of the solid-water system decreases slightly, thus leading to a possible volume change and cracking. An example of such a volume change is the so-called plastic shrinkage, which occurs while the concrete is still plastic and is a result of chemical shrinkage and evaporation of water from the concrete surface. The volume change of concrete depends on cement composition, amount of water used (w/c), and environmental conditions. The overall volume change of concrete is schematically explained in Fig. 3 [1] .
The total porosity of concrete is highly dependent upon the original amount of water used in its production. This is usually expressed in the form of water-tocement ratio, w/c (or w/cm), the amount of water per unit weight of cement. The typical range of w/c used is between 0.35 and 0.60. Because the amount of water needed for complete hydration of cement is much lower than that needed to produce a workable mix, in virtually all instances, the porosity of the resulting concrete is higher than desired. This has important implications with respect to durability.
Because the density of the hydration products is lower than that of the anhydrous solids present in clinker, the porosity of the system decreases as hydration of the clinker minerals progresses. As mentioned previously, even at complete hydration the paste will have a certain amount of porosity as a result of excess mix water. This proportion is increased further because the formed hydration products possess some intrinsic porosity of their own and air is entrapped during processing. At very low overall porosities, the hardened material has a closed pore structure, i.e. the pores are not interconnected. At higher porosities, the pores become interconnected and form an open pore structure. The degree of porosity thus influences concrete permeability.
Strength of concrete, whether compressive or bending, is also indirectly proportional to w/c ratio, as porosity severely diminishes the strength of all materials. However, the relationships are complex and one cannot assume a direct and simple correlation between w/c, porosity, and strength. A typical w/c versus compressive strength relationship is presented in Fig. 4 . Note the rapidly decreasing strength with increasing w/c and the wide range of strengths that are possible for a given w/c. Such variability is caused by the cement quality (type of cement, its rate of strength development), the mix design (type and amount of aggregate, use of admixtures and supplementary cementing materials), the processing and curing conditions . Chemical shrinkage represents the overall reduction in volume of the solids plus liquids in the cement paste during hydration. Autogenous shrinkage is the visible dimensional change caused by hydration; it is driven by chemical shrinkage but, because of the rigidity of the system, is lesser than the total (chemical) shrinkage. Subsidence is the vertical shrinkage of the material before initial set and is caused by settlement of the solids (also referred to as bleeding).
(temperature, humidity, mixing procedure, timing of process conditions), and by the quality of workmanship (often uncontrolled!). It must be emphasized that while strength is the most important concrete property from a structural point of view, it does not automatically imply adequate durability in a given environment. It is entirely possible to produce concrete that reaches the required strength but is vulnerable to severe chemical deterioration. Therefore, strength and durability (and other expected qualities) must be taken into consideration during concrete mix proportioning, structural design, processing, and maintenance. Designing concrete without taking its environmental stability into consideration is an unsound practice and may well be economically disastrous over the service life of the structure. Curing of concrete is the most important, though often misunderstood or neglected, part of the concrete-making process. It is during curing that the cement components hydrate, form hydration products of certain chemical and microstructural qualities within a prescribed space. It is the hydration process that leads to development of such important qualities as water-tightness, strength, modulus of elasticity, durability in given environments, etc. Examples of the importance of curing are shown in Figs 5 and 6. Note not only the relationship of strength to the form of curing, but also the inverse relationship of early and late strength as a function of curing temperature. Both these facts must be taken into consideration in engineering practice and both have serious economic implications. For additional information on the chemical and microstructural aspects of the transformation of the cement-water-aggregate system into structural concrete, please refer to the available literature [1, 3, 4] .
Mechanisms of concrete deterioration
All concrete structures are exposed to the environment. Thus, concrete mixture proportioning, structural design, processing, and maintenance have to take into consideration the environmental conditions under which the concrete is to function during its expected service life. Because the environments in which concrete may be used vary widely (cold to warm, dry to wet, repeated temperature and humidity changes, seawater, aggressive soils, etc.), it is a mistake to assume that any concrete will be stable under all conditions. This basic concept is often neglected, thus resulting in premature deterioration of structural concrete components and products. Examples of deteriorated concrete are shown in Figs 7-9.
The mechanisms of concrete deterioration may be chemical, physical, or mechanical in nature, but the phenomena are often interrelated. Typical examples of such mechanisms are sulfate attack, freezing and thawing, and abrasion, respectively. any other process of deterioration. Durable concrete will retain its original form, quality, and serviceability when exposed to its environment.' Expressed somewhat differently, a concrete product or structure has to retain its quality and serviceability in the environment of use throughout its expected service life. It needs to be noted that, in addition to other preconditions, most deterioration mechanisms require the presence of high humidity or liquid water; dry chemicals rarely attack concrete. It should also be pointed out that multiple deterioration www.witpress.com, ISSN 1755-8336 (on-line) mechanisms can occur simultaneously (e.g. carbonation and corrosion, alkali-silica reaction and sulfate attack, sulfate attack and salt crystallization).
The required concrete 'quality' may differ from one structure and one kind of environment to another. In some cases, strength and modulus of elasticity may be the only crucial properties, whereas under other conditions permeability and resistance to aggressive external chemicals may be critical in addition to structural integrity. If economy is also taken into consideration, it is clear that concrete should be designed for a purpose. The available materials knowledge should be implemented in the design phase during which the desired properties and property levels are planned and recommended. Such an approach is often ignored, resulting in overor under-designed concrete properties for a particular application.
The maximum expected service life of a concrete product or structure varies, based on the chemical and atmospheric environment the concrete is exposed to, and clearly depends on the original design, the actual concrete quality, and the level of maintenance.
Chemical deterioration of cement paste components
Like the processes leading to the development of concrete properties, the processes causing premature deterioration of the concrete matrix are usually chemical in nature as well. This fact is often unrecognized or ignored. The chemical processes of deterioration may have physical (volume change, porosity and permeability alteration) or mechanical (cracking, strength loss) consequences, or both. Typical examples are acid attack, alkali-silica reaction, carbonation, and sulfate attack.
The most vulnerable part of the concrete composite is the cement paste -the 'glue' binding the aggregate together -as it is the 'first line of defense' directly exposed to the environment. Cement paste (or concrete matrix) is composed of the products of the cement-water reaction (hydration products), of unreacted cement particles, air voids of various sizes, and porosity. The origin of the larger air voids (entrapped air) is usually the concrete processing techniques used (mixing, placing), while the smaller air voids are generally the result of purposeful air entrainment used to decrease the susceptibility of concrete to freezing. Porosity is the result of hydration wherein part of the mix water that was consumed during the hydration reactions leaves behind empty, more or less interconnected porosity. Another source of porosity is microcracks caused by several possible mechanisms of volume change. The voids and other forms of porosity, depending upon the relative humidity, are partially water-filled.
Porosity is one of the most important properties of hardened concrete, as its magnitude and form controls the permeability of concrete with respect to water vapor and water-soluble ionic species. Most applications of concrete assume that it has certain 'barrier' properties protecting it from the environment, therefore control of porosity and permeability is crucial. The most important methods of permeability control are proper mix proportioning and effective curing [1] .
www.witpress.com, ISSN 1755-8336 (on-line)
The porosity of cement paste depends on the amount of mix water used, usually expressed as water-to-cement ratio (w/c) or water-to-cementing materials-ratio (w/cm). Since the complete hydration of cement requires only a specific amount of water, any water beyond this theoretically quantity will result in increased porosity. Thus, higher w/c ratios will result in higher the porosity concretes. At w/c ratios below approximately 0.4 (4 parts of water per 10 parts of cement), the individual pores are separated, thus the permeability is low. However, at a w/c ratio above 0.4, the porosity becomes interconnected, leading to increased permeability with further increases in w/c [3, 6] . Permeable concrete is not durable in aggressive chemical environments.
Proper curing (time-temperature-humidity combination) controls the degree to which the cement present in the original mix reacts with water to form hardened cement paste. Curing also influences the quality and nature of the microstructure formed. Because the specific density of the hydration products is lower than that of the anhydrous cement (i.e. their volume is larger than that of the cement), hydration reactions lead to an overall decrease in porosity. At a given w/c ratio, the porosity, and thus the permeability, of a well-cured concrete is lower than that of a poorly cured concrete. For illustration of the utmost importance of water-to-cement ratio and proper curing, see Figs 10 [3] and 11 [1] .
It is obvious from the above discussion that the kinetics of chemical degradation of concrete is controlled by the diffusion of ions into, out of, and through the concrete pore structure. The mechanisms of ionic diffusion in both saturated and unsaturated cementitious systems are complex as they involve interrelated phenomena such as transport of fluids and ionic species, as well as physical and chemical interactions of ions within the solid phase [7] .
Aggressive soils and ground water
The most widely spread concrete damage by chemicals present in soil and groundwater is attack by sulfates. Therefore, most of this chapter will be dedicated to various forms of sulfate attack.
However, soil and groundwater may contain other chemicals that can affect concrete durability, though in a much less damaging way than sulfates. Soluble chlorides, carbonates, pyrite, hydrogen sulfide, phosphates, and other natural soluble species may react with concrete paste components, possibly leading to increased porosity, decomposition of cement paste components, formation of new chemicals, volume changes, or a combination of these factors. Such reactions may be important to consider when multiple damage mechanisms are operable. As in the case of sulfate attack, proper mixture proportioning (low concrete porosity and permeability), effective curing, and separation of the structure from the source of the soluble chemicals involved are the primary remedies for avoiding deterioration problems.
Sulfate attack
Sulfate attack is a generic name for a series of interrelated, sometimes sequential, chemical and physical processes leading to recrystallization or decomposition www.witpress.com, ISSN 1755-8336 (on-line) Figure 10 : Relationship between water-to-cement ratio and coefficient of permeability. Note the rapidly increasing permeability above about w/c = 0.4; related to interconnected porosity.
of hydration products and deterioration of the concrete matrix microstructure, subsequently inducing degradation of the expected concrete properties, including strength, volume stability, and durability [8, 9] . The source of sulfates may be internal, originating from the concrete components (cement, aggregate, etc.), or external, such as exposure to sulfate-bearing soils, groundwater, or industrial and agricultural waste.
Internal sulfate attack
This attack may be caused by (a) out-of-standard amounts of sulfates in the cement or aggregate (composition-induced internal sulfate attack) or (b) improper processing of the concrete, primarily by excessive curing temperature (heat-induced internal sulfate attack). Heat-induced sulfate attack is often referred to in the literature as delayed ettringite formation or DEF [10] [11] [12] .
www.witpress.com, ISSN 1755-8336 (on-line) Figure 11 : Effect of w/c and curing duration on permeability of cement mortar. Note that leakage is reduced as the w/c is decreased and the curing period is increased [1] .
As a result of limitations imposed by national and international standards, the total clinker sulfate content in modern cements and the sulfate present in aggregate are well controlled and, consequently, composition-induced internal sulfate attack is uncommon.
Heat-induced internal sulfate attack (DEF) is a phenomenon that began to draw attention in the early 1990s as a result of severe durability problems observed with heat-cured concrete railroad sleepers. After years of scientific debate and disagreement, the mechanistic issues are now believed to be mostly resolved [11] . The mechanism of damage can be briefly described as follows:
When freshly mixed concrete is cured at high temperatures, the usual early formation of ettringite does not occur. The absence of ettringite after heat curing is not the result of decomposition of the previously formed ettringite, but the consequence of the redistribution of aluminate and sulfate into other phases -specifically C-S-H, AFm (aluminate-ferrite monosulfate hydrate), and hydrogarnet. The thermodynamic stability and solid solution range of the two latter compounds is not well known and is an obstacle to a more complete understanding of the system as a whole. Upon subsequent cooling to ambient temperature, supersaturation with respect to ettringite enables the previously formed monosulfate to react with sulfate and aluminate ions present in the system (C-S-H, pore solution, etc.) and form expansive primary ettringite within the C-S-H.As a consequence, the hydrated paste expands and forms gaps around the (nonexpansive) aggregate particles. In severe cases, this may lead to overall expansion and cracking of the concrete element or product (see into the open spaces of the paste (gaps, cracks, small pores) as larger crystals; such secondary ettringite is easily detectable by light optical or electron microscopy (see Fig. 12 ) [13] .
External sulfate attack
This attack is induced by penetration of sulfates into concrete structures exposed to sulfate-rich environment, primarily highsulfate soil or groundwater. The most common forms of sulfate in soil are calcium sulfate dihydrate (gypsum), magnesium sulfate, or sodium sulfate. Depending on the environmental conditions (water access, groundwater movement, changes in temperature and humidity, etc.) and concrete quality (primarily permeability, degree of cracking), the damage to concrete can be severe [5, 8, 9] . Sulfate attack on concrete results in chemical and microstructural changes to the hardened cement paste matrix, and these changes eventually lead to degradation of the physical and mechanical properties expected of any particular structure. Properties that might be affected include the barrier properties (permeability, water www.witpress.com, ISSN 1755-8336 (on-line) tightness), modulus of elasticity, and strengths, particularly bending strength. Typically observed damage includes deterioration of the evaporative surfaces (sulfate salt crystallization), softening of the matrix (gypsum formation, C-S-H decomposition), and volume instability of the concrete (expansive ettringite formation). However, as stated earlier, the presence of ettringite in concrete is not in itself a sign of sulfate attack. Because of its complexity, it is difficult to assess sulfate attack by only one of the many possible reactions between sulfate and cement paste components, and many standard tests are less than adequate in sulfate attack characterization. A multidisciplinary approach is usually needed to explain the damage phenomena in detail. The micrograph in Fig. 13 represents a hardened cement paste containing ettringite in excess of that formed during the hydration of cement, a result of sulfate solution penetration into a permeable concrete matrix. An overview of the various sulfate-related mechanisms of deterioration is given in Table 5 [14] .
Sulfate attack-related expansion and cracking is usually attributed to the formation of expansive ettringite through the reaction of external sulfates with clinker www.witpress.com, ISSN 1755-8336 (on-line) (Fig. 14) . Although such cements do produce concrete with higher sulfate durability, use of sulfate-resisting cement is not, by itself, an adequate protection against sulfate attack. First of all, these cements are designed to protect concrete only against ettringite-type sulfate attack and are ineffective against the gypsum-type of attack or against sulfate salt crystallization. Second, such cements are ineffective in cases where Mg-sulfate is present in the aggressive medium. As shown in Table 5 , the presence of magnesium leads to destruction of C-S-H (the "heart of concrete") in addition to the classical ettringite-type damage described above. The limited importance of cement type in the prevention of sulfate attack was recently discussed by Stark [15] . Lastly, as well publicized in the open literature, the use of sulfate resisting cements is only a secondary protection, the primary protection being impermeable concrete.
In concrete structures exposed to sodium sulfate solutions where some surfaces are exposed to evaporation due to temperature and humidity changes (e.g. partially exposed foundations, slabs on ground), the primary damage mechanism may be expansion due to repeated recrystallization of mirabilite (Na 2 SO 4 · 10H 2 O) to/from thenardite (Na 2 SO 4 ). (At temperatures below 32.4 • C, mirabilite is formed; above this temperature, it recrystallizes.) This form of external attack is often incorrectly referred to as physical sulfate attack or as sulfate salt crystallization distress. It is a temperature-dependent process that leads to a repeated increase in volume and, thus, if the process happens at the concrete surface, can result in surface scaling. If the volume change happens deeper within the concrete matrix, it will lead to fatigue of the cement paste and a subsequent loss of cohesion. The repeated expansioncontraction is the origin of the term physical in describing this form of sulfate attack [9] .
As mentioned above, so-called physical sulfate attack is often separated from other forms of chemical sulfate attack. This is incorrect for at least two reasons. 6 ] · CO 3 · SO 4 · 12H 2 O, forms when concrete is exposed to both carbonate and sulfate ions, preferably at relatively low temperatures [16] . It typically leads to expansion of the matrix (ettringite formation) followed by loss of cohesion due to decomposition of C-S-H.
A special form of sulfate attack is the so-called bacteriogenic attack. This form of acid attack often occurs in sewage systems, where desulfovibrio bacteria transform organic sulfur to H 2 S, which is subsequently oxidized to sulfuric acid: Table 6 ). It is clear from this table that there are two important restrictions that apply simultaneously: (a) maximum water-to-cement ratio and (b) type of cementitious material. Thus, even if the structural design calls for relatively low strength, the durability criteria calling for both low w/c and special cementitious systems must be obeyed if desired durability is to be achieved, even if this may mean higher than needed strength. As discussed earlier, strength is not a measure of durability.
In a similar way, the British Standards have complex requirements covering cement type and level of sulfate or magnesium exposure, and recommendations calling for a combination of minimum cement content, maximum water-to-cement ratio, and cement type to be used (see Table 7 ) [17] .
Prevention of sulfate attack
Because sulfate attack on concrete is not characterized by a single chemical process, when considering the best preventive measures one has to take into consideration the processes involved in concrete production and the environmental conditions to which the concrete will be exposed throughout its service life. However, some basic rules apply in most cases. The most important among them are:
1. Minimizing access of water-soluble sulfates to the structure (e.g. proper structural design, drainage, protective barriers/coatings), 2. Production of low-permeability concrete (e.g. use of low w/c mixture proportions, adequate cement content, proper consolidation, adequate curing), and 3. Intelligent selection of cementing materials (e.g. use of low-alumina, lowcalcium cements, including sulfate-resisting cements and cements containing pozzolans or slag).
For reliable sulfate resistance, all the above preventive measures should be applied. Under special circumstances, such as heat-cured concrete or concretes exposed to severe environmental conditions (industrial, agricultural), additional preventive measures should be considered [5, 9, 18] .
Industrial and agricultural chemicals
Concrete is seldom attacked by solid industrial or agricultural chemical waste, but may be easily damaged by certain kinds of liquid or water-soluble chemicals. If there is a pressure and/or temperature difference between the exposed and nonexposed concrete surfaces, the rate of damage may increase. Among the most damaging chemicals are various inorganic and organic acids (e.g. hydrochloric, nitric, phosphoric, sulfuric, acetic, formic, lactic acids), some alkaline solutions (e.g. concentrated sodium hydroxide, ammonium hydroxide), solutions of inorganic salts (e.g. aluminum-, ammonium-and magnesium-chlorides; sodium cyanide; ammonium nitrate; and ammonium-, calcium-, magnesium-, and sodium-sulfates), and other chemicals like liquid ammonia or gaseous bromine and chlorine. The mechanisms of action vary as the above cation-anion combinations may lead to acid attack, sulfate attack, decomposition of C-S-H, or other deleterious reactions and their combinations. For additional information, see [19] [20] [21] [22] .
Atmospheric deterioration

Carbonation
Because Portland cement-based concrete always contains high proportions of calcium hydroxide and other calcium-containing compounds, exposure to carbon dioxide (CO 2 ) in the presence of moisture will induce formation of calcium carbonate. This may lead to several possible problems, especially, but not exclusively, in thin-wall products:
1. Shrinkage of the cement paste leading to cracking, 2. Decreased alkalinity (pH) of the cement paste enabling increased rate of corrosion of the reinforcing steel, and 3. Decreased wear resistance of carbonated surfaces.
Sources of aggressive carbon dioxide include groundwater or CO 2 in the air. Whereas carbonation of a concrete matrix by dry atmospheric CO 2 is a relatively slow process, in the presence of moisture or when dissolved in ground or rainwater, carbonation may be relatively rapid. Carbonation, like other chemical processes of www.witpress.com, ISSN 1755-8336 (on-line) concrete deterioration, depends on concentration, relative humidity and temperature, and on the quality (primarily permeability) of the concrete. Industrial areas with high CO 2 content in the air may exhibit higher rates of concrete carbonation. The rate of atmospheric carbonation will be highest at relative humidities of about 50-75%. The primary structural damage mechanism related to carbonation is corrosion of steel reinforcement. This aspect of concrete deterioration is discussed in more details in another part of this book.
Acid rain
The concrete matrix is a highly alkaline material. Thus, its resistance to acids is relatively low. However, for well-produced concrete, where the matrix permeability is low, concrete products and structures withstand occasional deterioration by atmospheric acids quite well.
The source of most atmospheric acid is sulfurous combustion gases that react with moisture to form low-concentration sulfuric acid. Other sources of acids include industrial or municipal sewage, as mentioned above.
Other deterioration mechanisms
The effect of seawater on concrete could have been categorized under sulfate attack or corrosion of reinforcement or otherwise but, because of the complex chemistry of seawater and the multiple potential deterioration mechanisms involved, it will be briefly discussed as a separate issue.
Exposure of concrete to seawater
Some of the most important and environmentally vulnerable concrete structures are located in marine environments. This enhanced vulnerability is related to continuous changes in temperature (including wetting/drying and freezing/thawing cycles), pressure changes in the tidal zone, reoccurring capillary suction, surface evaporation, and multiple chemical interactions with seawater components. Affected are the cement paste components, pasteaggregate interfaces, and the reinforcing steel. Deterioration of concrete exposed to seawater is known to be caused primarily by two independent chemical mechanisms: (a) corrosion of reinforcing steel embedded in concrete, and (b) deterioration of the concrete matrix itself. The rate of damage varies widely, depending upon the concrete quality, its maintenance, and the severity of the environment.
Damage to concrete by seawater is a result of the simultaneous action of multiple ions present in the water in different concentrations. The primary anionic components present are chlorides, sulfates, and carbonates, balanced primarily by cations Na + , Mg 2+ , and smaller amounts of K + , Ca 2+ . The typical concentration of SO 4 2− in seawater is about 2700 mg/l; that of Cl − is about 20,000 mg/l. The initial products of seawater reacting with concrete are aragonite, CaCO 3 , and brucite, Mg(OH) 2 , formed by the action of dissolved CO 2 and Mg 2+ . Carbonic acid attack, enabled by the presence of small amounts of dissolved CO 2 in seawater, is based on carbonation of free calcium hydroxide, Ca(OH) 2 2 can also react with magnesium cations (ca 1,400 mg per liter) to form brucite, Mg(OH) 2 , a highly insoluble mineral which, together with aragonite, is believed to densify the concrete surface, thus preventing or minimizing the ingress of seawater into the concrete structure. Such a reaction would induce very severe damage in permeable concrete, but is only minimal in well designed concrete.
The products of the above reactions are believed to produce a surface skin consisting of a layer of brucite about 30 µm thick overlaid by a layer of aragonite. This skin may protect well-produced concrete from further attack in permanently submerged regions or may, at least, slow down the progress of further corrosion. Additional phases formed in seawater attack may include magnesium silicates, gypsum, ettringite, and calcite, and also thaumasite in concrete mixes made with a carbonate-based aggregate.
It needs to be noted that these reactions are complex because they vary dramatically, depending upon the local environmental conditions (concentration and relative availability of ions in the water; chemical and microstructural properties of the cement paste in the concrete matrix; temperature, etc.). For example, there is a chemical 'competition' between the Mg 2+ , sulfate and carbonate ions (capable of reacting with the Ca 2+ originating from Ca(OH) 2 and C-S-H). Additionally, the Cl − ions can not only suppress the presence of OH − ions, thus changing the pH of the pore solution but, because of this pH change, can also influence the availability or reactivity of paste components, for example C 3 A, thus enabling the potential formation of Friedel's salt (calcium chloro-aluminate hydrate, C 3 A · CaCl 2 · 10H 2 O) rather than ettringite.
The formation of ettringite in seawater attack typically does not lead to expansion and cracking of the concrete. It is believed that the formation of this phase is nonexpanding in the presence of excessive amounts of chloride ions. The primary deleterious effects result from the degradation of the C-S-H phase and its ultimate conversion to magnesium silicate. Sulfate attack may lead to gypsum formation. These conversions are ultimately responsible for the softening of the cement paste In and above the tidal zone, a repeated cycle of water uptake and evaporation may result in salt crystallization, thus enhancing the deterioration of the concrete taking place. Still additional damage may by caused by mechanical erosion due to waves, solid debris or ice. In steel reinforced concrete, accelerated corrosion of the reinforcement can be induced by chloride ions that migrate into the concrete. Some of these issues, for example salt crystallization and steel corrosion, are discussed in other parts of this book [9, [23] [24] [25] [26] .
In conclusion, it should be emphasized again that the primary reason for deterioration of concrete by any one or all chemical mechanisms is access of water. Penetration of water or water-borne compounds (chlorides, sulfates, carbonates, etc.) into, within, and through concrete, and the resulting saturation and chemical changes of the concrete pore solution, lead to all critical durability problems we face in engineering practice: alkali-silica reaction, corrosion of reinforcement, freezing and thawing, and chemical attack -including internal and external sulfate attack. There are no exceptions! Thus, keeping unnecessary water out of concrete products and structures should be the primary goal of specifiers, structural designers, concrete producers, owners, and constructors/builders. This can be done by maintaining a low w/c ratio, by effectively using chemical admixtures (water reducers, superplasticizers) and supplementary cementing materials (fly ash, slag, calcined clays, silica fume), and by proper processing (primarily curing and crack prevention). Crack prevention is a primary requirement: cracked concrete made with high quality aggregate and impermeable paste will not be durable.
Deterioration of aggregates in concrete
Aggregates make up about 70-80% of the volume of typical concrete. Thus, their quality and sensitivity to the environment of concrete exposure is of utmost importance. Depending upon the chemical and mineralogical composition, and on the geological origin of the rock used, aggregates may be sensitive to the microenvironment within the concrete matrix or to the external environment in which the concrete is used. Typical optical micrographs of sound concrete are presented in Fig. 15 .
The most prevalent damage mechanisms affecting the aggregate portion of a concrete composite are alkali-aggregate reactions (caused by the reaction of alkalis with alkali-reactive aggregate particles) and repeated freezing and thawing. Whereas the former damage mechanism is controlled by environmental conditions within the concrete, the latter relates to repeated changes in temperature and humidity under ambient conditions. In well-designed and processed concrete, cement paste completely coats each aggregate particle surface and fills all spaces between aggregate particles (Courtesy: Portland Cement Association).
Alkali-aggregate reaction
Alkali-aggregate reaction (AAR) is the generic name for interactions of aggregate components with alkali cations and OH − ions present in the pore solution of concrete. The most important mechanisms are alkali-silica reaction (ASR), alkali-carbonate reaction (ACR), and various, less common, oxidation and hydration reactions of aggregate components (e.g. oxidation of pyrite, FeS 2 ; hydration of MgO). Alkali-carbonate reaction can, under some circumstances, cause expansion and cracking. This is observed primarily with certain argillaceous (containing clay minerals) dolomitic limestones exhibiting specific microstructural features. The mechanism of damage is complex and somewhat ambiguous, and several theories were proposed to explain the damage. When dedolomitization of natural rock occurs, brucite is formed and alkalis present in the system are released. This, combined with the access of moisture and the presence of clay minerals in the system, may lead to swelling and subsequent damage to the concrete. Oxidation of pyrite: Hydration of magnesium oxide:
All of the above mechanisms depend on a supply of moisture and lead to expansion of the concrete followed by cracking and decreased durability.
Because these reactions -with the exception of water access -are primarily caused by internal rather than external environmental effects, and because -with the exception of ASR -they are not very common, we will briefly highlight only the problems related to alkali-silica interactions.
Alkali-silica reaction
Alkali-silica reaction is a potentially severe damage mechanism affecting concrete worldwide. The rate of reaction and the severity of damage vary widely, as they depend on numerous factors, including the type of aggregate (type and concentration of silica, alkali content), alkali content of the cement, concrete quality, structural design (access of water), and local reaction conditions such as temperature, humidity, and concrete permeability.
The most alkali-reactive mineral components of aggregates are opal, chalcedony, strained microcrystalline quartz, cristobalite, tridymite, and various natural and synthetic glasses (high surface area, devitrified, strained, etc.). These minerals may be present in the following aggregate types: cherts, limestones and dolomites, shales, schists, argillites, graywackes, quarzites, etc. The active component of these minerals is reactive, amorphous SiO 2 , its reactivity induced by a disordered internal structure. In contrast to rocks containing crystalline silica, rocks containing amorphous reactive silica are usually porous and permeable. Thus, when hydroxyl ions become available, the siloxane (-Si-O-Si-) cross-linking is eliminated and the silica has the opportunity to hydrate and swell.
The primary factors affecting the deleterious chemical processes are presence of reactive, structurally disordered silica in the aggregate, alkalinity (concentration of OH − ) of the pore solution, and sufficient moisture. The active silica reacts with the alkali hydroxide present in the pore solution to form a hydrous alkalisilica-calcium gel of varying ratio of calcium to silica to sodium to potassium. This gel is osmotically active and, during swelling, can generate high pressures leading to expansion and cracking of the aggregate particles and the surrounding paste. Because the gel's viscosity depends on its composition, calcium must be a constituent of the gel to cause physical damage. Gel formed in the absence of calcium is fluid and thus cannot generate stresses. The gel originates inside the concrete but later, when cracking reaches the surface, fluid alkali-silica gel low in calcium is often extruded to the surface.
The mechanical damage caused by alkali-silica reaction includes cracking (expansion, map cracking), loss of strength, displacement, etc. An example of internal damage to aggregate in concrete is shown in Fig. 16 the alkali-silica reaction to a structure or product, so-called 'map cracking' or 'pattern cracking', is illustrated in Fig. 8 . As can be expected on the basis of the possible chemical interactions, the extent and progress of alkali-silica reaction can be strongly influenced and controlled by pozzolans (natural or artificial high-silica materials that are often used as supplementary materials in concrete; examples: high-silica fly ashes, microsilica, calcined shale). Their high amorphous silica content can reduce the hydroxyl ion concentration in the system, thus changing the reaction conditions needed for formation of the expansive gel. Replacing part of the cement with pozzolan, thus diluting the overall alkali content, typically does this. The positive effect of cement replacement is demonstrated in Fig. 17. 
Prevention of alkali-silica damage
The primary preventive measures are as follows:
• Use of aggregate containing low concentrations of amorphous/reactive silica, • Use of low-alkali cements, aggregates, and other cementing materials • Protection of concrete from moisture, especially from water containing alkalis (e.g. seawater) • Mixed design to produce cement paste of low porosity/permeability (low w/c, controlled cement content) and low free calcium hydroxide content (blended cements; high-silica supplementary cementing materials).
www.witpress.com, ISSN 1755-8336 (on-line) Figure 17 : Reduction of alkali-silica reactivity by calcined clay and calcined shale (Courtesy: Portland Cement Association).
By proper selection of a combination of protective measures, erection of durable structural concrete is possible under most processing and environmental conditions.
Frost damage to aggregate: D-cracking
As is the case with other solid materials, the resistance of aggregates used in concreting to frost depends on their porosity and permeability. These are controlled by the overall pore structure (size distribution, shape, connectivity, etc.). Depending upon the size and accessibility of the pores, under humid conditions some of the pores will be water-filled; under saturated conditions, all the pores may be water-filled. Under freezing conditions, water in some pore sizes may freeze and, in near-saturated (critical saturation) conditions, the hydraulic pressures caused by ice formation may not be accommodated, thus leading to expansion.
Aggregate expansion near the concrete surface usually leads to 'pop-outs', wherein the portion of paste immediately between the aggregate particle and the surface is forced outward by the developing pressure and eventually breaks away. This process is, among other things, aggregate size dependent. If a large proportion of the aggregate particles are involved, especially when the cement paste is also susceptible, disintegration of the concrete, starting at edges and surfaces, may result. A special form of aggregate damage is the so-called D-cracking of concrete pavements, caused by freeze-thaw deterioration of the aggregate within concrete. It resembles frost damage to concrete and is usually observable as closely spaced cracks at joints in concrete (see Fig.18a ). This type of cracking, in addition to being dependent on the pore structure of the aggregate and the external environmental conditions (temperature and humidity changes), requires that the pavement base and sub-base be water saturated, thus enabling the aggregate in the pavement to become saturated and eventually to expand and crack (see Fig. 18b ) [1] . Because the resulting damage is also aggregate size dependent, a reduction in maximum aggregate size and the provision of proper drainage are the best remedies against D-cracking.
Corrosion of steel reinforcement
Corrosion of the steel reinforcement in concrete structures is a significant problem throughout most of the world. Under ideal conditions, concrete is capable of chemically protecting the internal steel through the formation of a passivation film at the surface of the steel. Unfortunately, there are a number of conditions that can cause failure of the protective layer and allow corrosion to initiate, the primary factor being the introduction of chloride ions into the concrete. This can occur anywhere that reinforced concrete is exposed to seawater or deicing salts, making it a very widespread problem.
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A complete description of the corrosion mechanism has been covered elsewhere in this work and will not be repeated here (see Chapter 6 by Andrade).
Damage to concrete by repeated freezing and thawing
If not properly designed and protected, concrete saturated with water can be susceptible to significant damage from exposure to freezing. When exposed to temperatures sufficiently low enough to induce freezing of the pore solution within the hydrated cement paste, internal tensile stresses develop that can grow large enough to induce fracture of the hardened paste. This type of deterioration is actually a combination of a number of mechanisms.
Mechanisms of freeze-thaw damage
The cumulative deterioration of saturated concrete under successive cycles of freezing and thawing is due to a number of concurrent physical and chemical mechanisms taking place during the freezing portion of the cycle. The damage created during this phase, in the form of microcracking within the hydrated cement paste, remains when the concrete thaws. During the successive freezing phase, the existing microcracks exacerbate the degradation. They allow more water to enter the paste and concentrate this excess water within the cracks, where the mechanisms associated with cumulative damage can cause further propagation of the cracks.
Hydraulic pressure
Unlike most materials, water actually expands upon freezing. This increase in volume is typically about 9%. Any time that water is frozen in a constrained space (i.e. within the hydrated cement paste pore structure) this expansion tends to result in the induction of tensile stresses within the surrounding material. Though the stresses created during the physical expansion of water as it changes state do contribute to the deterioration process, they do not constitute the sole, or even the primary, factor.
Since the volume of water increases as it freezes, the pressure within a confined space must increase as well. Also, the freezing point of any liquid is directly dependent upon the pressure under which the change in state takes place. Due to the nature of ice crystal formation, this relationship is not geometrically constant when the volume of the occupied space is below a certain maximum value. Within such small confines, ice crystal formation tends to increase the pressure in the allotted space much faster, and to a much higher degree, than in larger spaces. The result is a suppression of the freezing point that is dependent upon the volume of space occupied by the water.
In concrete, there is a very wide range in void and pore sizes in which the saturating water resides. The lower end of this size range extends below the threshold mentioned above, resulting in a differential freezing point from one region within the paste to another. Thus, the water within the concrete will not all change state at the same instant. Freezing will begin within the larger pores and progress to successively smaller pores in order of decreasing size. As the pore water freezes www.witpress.com, ISSN 1755-8336 (on-line) and increases in volume, the remaining unfrozen water is expelled from the larger cavities and forced into the smaller pores of the surrounding paste. A hydraulic pressure is created by this enforced flow, which induces tensile stresses that lead to cracking and failure of the paste structure [27] .
Osmotic pressure
The water present within the concrete pore system is not pure. Within a very short period after entering the concrete, it becomes contaminated with various soluble substances (i.e. alkalis, free lime, chlorides). The concentration of this solution is not constant throughout the concrete, as the impurities are not found in equal amounts at all locations and, in the case of chlorides, may be available only from an exterior source. Additionally, the freezing point of such a solution will generally decrease as the concentration increases. Combining these factors results in another source of differential freezing, this time from areas of low concentration to areas of higher concentration.
As the impure water freezes, the concentration of soluble substances in the unfrozen water immediately adjacent to the freezing site increases, eventually surpassing that of the surrounding water. The resultant gradient in concentration creates an osmotic pressure as water migrates from regions of lower concentration in the surrounding paste [27] . This pressure can reach levels sufficient to induce damage to the paste.
Supercooling effect
An additional effect caused by the differential freezing progression from the larger capillary pores to smaller gel pores is a supercooling of the water in the latter areas [28] . Since the frozen water in the larger capillaries is in a low-energy state and the supercooled water in the gel pores is in a high-energy state, thermodynamic equilibrium is upset. To counter this imbalance, the supercooled water migrates toward the freezing front, effectively adding to the osmotic pressure effect.
Surface scaling
The previously described mechanisms refer to the bulk concrete matrix and do not consider the effect of boundary conditions. In many concrete structures, especially those that have a flat horizontal surface (i.e. sidewalks and bridge decks), a special type of freeze-thaw damage occurs. Small flakes or scales of concrete are exfoliated from the surface over time, resulting in complete destruction of the surface layer and loss of its protective presence. This type of damage is typically called surface scaling or salt scaling. Figure 19 [1] illustrates the typical appearance of an advanced case of surface scaling. It is believed that such damage is induced by a pair of mechanisms taking place at the interface between the concrete and the freezing environment.
Litvan's model
Litvan hypothesized that a vapor pressure develops between the supercooled pore water and ice on the surface of the concrete [29] . The vapor pressure gradient induces desiccation of the concrete as the pore water migrates toward the surface.
If the concrete possesses a less permeable surface layer, as is common in finished or formed surfaces, this water movement can result in pressure buildup just below the restrictive layer and eventually lead to mechanical failure.
Bi-directional freezing
When a frozen concrete structure is exposed to a thawing source that only thaws the outer portion of the concrete, a subsequent drop in temperature will result in a bi-directional freezing effect. Essentially, two freezing fronts are created, one moving outward from the inner, still frozen concrete and the other migrating inward from the surface. When these two fronts meet, an ice lens forms that creates a planar zone of weakness parallel to, and typically close to, the outer surface. The resultant expansion of the ice lens acts to force the surface layer outward, resulting in surface scaling. This type of bi-directional freezing can occur when frozen concrete is exposed to incident solar radiation during the warm daytime hours and then re-freezes once the sun's energy is no longer available. It can also happen when de-icing salts are applied to a frozen concrete surface. The heat generated by the change in state of water from solid to liquid can thaw a very thin layer of the concrete. The latter case is where the expression salt scaling originated, as it tends to be a very prevalent damage form found throughout cold regions where de-icing salts are employed.
Overall effect
Freeze-thaw damage to concrete is actually a combination of the mechanisms described above, which results in a gradual deterioration of the concrete as the www.witpress.com, ISSN 1755-8336 (on-line) damage builds up over time. Freeze-thaw damage is deterioration through attrition. The amount of damage caused by a single freeze-thaw cycle is typically very small, and usually undetectable. It is only when large numbers of repeated freezing and thawing cycles occur that significant deterioration ensues. Consequently, freezethaw damage is mostly prevalent in temperate environments where the mean winter temperature approaches the freezing point of the pore solution.
In general, the concrete will tend to freeze during the night when temperatures are lowest and then thaw during the day due to rising temperatures and incident solar radiation. Under such exposure conditions, concretes can be subject to as many as 60 to 70 freeze-thaw cycles in a single winter [30, 31] . This total will, of course, vary dramatically depending upon the specific environment and exposure conditions of the concrete.
One significant exception is concrete placed within the tidal zone in cold environments. In regions where the ambient air temperature is sufficiently cold to freeze the pore solution, the rising water will thaw the concrete during each tidal cycle. Essentially, this situation can result in two freeze-thaw cycles per day, instead of the typical maximum of one cycle when dependent solely upon daily temperature fluctuations. Typical annual totals of 120-150 cycles are not uncommon [32] , with some areas estimated to be as high as 200-300 [33] .
Prevention of freeze-thaw damage
The damage mechanisms described above involve the induction of stresses within the concrete as water is forced, or drawn, through the pore structure. The magnitudes of these stresses are a function of: the permeability of the material through which the unfrozen water must pass, the amount of water available for ice formation, the degree of saturation of the concrete, the rate at which the ice forms, and the maximum distance to a free surface that can act as relief mechanism. Logically, protecting concrete from freeze-thaw damage should rely upon counteracting one or more of these factors.
Unfortunately, such an approach can be counterproductive when considering the issue of permeability, which would appear to suggest that a higher permeability will improve resistance to freezing and thawing. Increased permeability can easily be achieved through an increase in w/c ratio. However, doing so would be ineffective since it would also result in decreased strength and an increased volume of large pores, which is where the most readily freezable water is found [34] .
In actuality, if the w/c ratio is sufficiently low, the resulting increase in strength combined with decreases in pore volume and permeability will produce a much more durable concrete. There will be less water available for ice formation due to the lower porosity and saturation will be much more difficult to achieve in conditions not involving continuous exposure to water, due to the lowered permeability. However, the w/c range needed to produce such a concrete (somewhere around 0.24) is too low to be considered practical in the field.
Attempts to control the degree of saturation of the concrete have been made through the use of waterproofing membranes or building designs preventing the www.witpress.com, ISSN 1755-8336 (on-line) pooling of water on concrete surfaces. Though helpful, neither of these methods is a universal solution that can be applied to all concrete structures. Membranes can degrade or wear off and the maximum slope of a member is often limited by the end use of the structure.
Relieving the stress buildup through the inclusion of empty air voids in the paste structure has proven to be the most applicable method. This approach is called air entrainment and is easily achieved through the use of specially designed chemical admixtures that are added to the fresh concrete during mixing. These admixtures consist of surfactants that essentially create a system of air bubbles within the cement paste. The air bubbles remain stable throughout the mixing, placing and setting procedures, resulting in empty voids scattered throughout the microstructure of the hydrated cement paste.
The surface film that induced formation of the air bubbles also creates a lower permeability film around the bubble, which later helps prevent water from entering the bubble under normal pressures. Thus, the air-entrained concrete will not reach full saturation under typical exposure conditions. Once freezing begins, however, these empty air voids act as pressure relief mechanisms. As unfrozen water is forced through the paste, pressure builds until it bursts through the void walls and into the empty space beyond, thus relieving the building pressure.
An effective air-entraining admixture creates an array of air bubbles that are dispersed evenly throughout the concrete but still close enough together such that the maximum distance from any point in the concrete to an air void is short enough to provide stress relief before the building pressure exceeds the strength of the hydrated cement paste itself. The average distance from any given point to an air void is designated as the spacing factor. Figure 20 [28] illustrates the effect of the spacing factor on the durability of a concrete mix.
It should be noted that there is a trade-off involved in implementing air entrainment for the freeze-thaw protection of concrete. As the air content increases, so does the overall porosity of the hydrated cement paste, resulting in a decrease in bulk strength. Typically, a 1% increase in entrained air will reduce compressive strength by about 5%, though this general relationship will vary from one concrete mix to another. In addition there is an upper limit on the amount of air that can be entrained before the voids begin to become interconnected and are unable to remain dry. Beyond this limit, the entrained air begins to lose its effectiveness. The result is an optimum air content that will provide maximum resistance to freeze-thaw without an excessive drop in strength. The relationship between these two factors is illustrated in Fig. 21 [28] .
Mechanical deterioration of concrete
Concrete is susceptible to physical damage due to progressive mass loss induced by contact with moving objects or materials. This type of damage is also an attrition process, and usually takes many cycles of repetitive contact or a continuous exposure to the damage source. Mechanical deterioration typically affects the hydrated cement paste portion of the concrete and does very little damage to most aggregates since they are normally harder and more resistant. There are three primary types of mechanical deterioration: abrasion, erosion, and cavitation.
Abrasion
Abrasion damage is caused by direct physical contact with a moving object or material. Typically, this refers to wear induced by moving equipment, but can also apply to the flow of dry particles. Examples of the former would include vehicles or heavy equipment operating on pavements or floor slabs. The latter could refer to www.witpress.com, ISSN 1755-8336 (on-line) sand or aggregate stored in concrete bins and has even been observed in concrete silos used to store grain.
Erosion
Erosion refers to wear or deterioration that is induced by contact from solid particles suspended in a liquid. This type of damage is common in canal linings, spillways, sewage lines, and bridge piers. Anytime concrete is used to carry, direct, or control liquids containing significant quantities of silt, sand or other suspended particles, erosion will occur. Due to the continuous nature of such contact, erosion damage builds up slowly over time.
Cavitation
Cavitation is another source of damage common to concrete structures designed to carry liquids. The mechanism of damage in this case is the formation, and subsequent collapse, of vapor bubbles. Such bubbles form naturally within flowing water and later violently collapse when entering a turbulent or high velocity zone. Such regions are usually created by sudden changes in the direction of flow, possibly induced by a bend or change in geometry of a concrete conduit. Should these vapor bubbles be adjacent to the concrete surface while imploding, they will develop a suction force that attempts to pull the concrete away from the surface.
Prevention of mechanical damage
Protecting concrete from abrasion or erosion is typically done through the use of higher strength concrete. The American Concrete Institute Committee 201 recommends minimum values of 28 and 41 MPa, respectively, to provide adequate abrasion and erosion resistance for most exposures. Additionally, it is important to use hard, durable, wear-resistant aggregates and to minimize air contents relative to the exposure conditions. Cavitation protection is harder to provide, since it is more a function of tensile strength than any other property. The tensile strength of concrete is much lower than its compressive strength and exhibits a much smaller range. It is also very difficult to achieve sufficient tensile strength to resist the forces generated by the cavitation mechanism. Instead, it is more effective to design water-carrying structures to eliminate the characteristics that cause the collapse of vapor bubbles. Abrupt changes in direction, slope, or geometry should be avoided.
Structural consequences of environmental damage
Depending on the type and extent of the damage, environmental degradation of concrete may lead to serious consequences in terms of structural failures, cost of repair, and indirect economic losses such as caused by delays in transportation and the inability of using the industrial and military infrastructures. Although catastrophic www.witpress.com, ISSN 1755-8336 (on-line) failures are uncommon, many concrete structures -especially those considered to be of lesser importance (e.g. residential, agricultural) -suffer environmental deterioration well before the expected need for maintenance. Atmospheric carbonation, inadequate freeze-thaw resistance, inadequately designed and produced concrete for high-sulfate environment, use of marginal aggregates all may cause serious degradation, especially when the quality of concrete processing is low, as is often the case. It can be stated indisputably that the most common reasons for structural failure of concrete products and facilities are not the materials used to make concrete, but the inappropriate design of the concrete itself (e.g. high permeability) and of the structure (such as access of water), as well the low quality of the workmanship.
Concrete remains to be an outstanding material of construction and will not be easily replaced in the future by other materials. Better appreciation of the in-depth relationship between its physicochemical and mechanical properties, combined with better utilization of the existing knowledge, may minimize structural failures to acceptable limits.
Economic considerations
The importance of concrete industry becomes obvious when one realizes that concrete is the most widely used man-made product and is second only to water as the most utilized substance by the humanity.
On the positive side, concrete and related industries employ hundreds of thousands of people worldwide, and the products produced by these industries are basic to industrial progress and societal well-being. Transportation and housing infrastructures, private and governmental construction, and even energy and water utilities all strongly depend on the productivity, efficiency, and quality of the concrete industry. For example, in the United States, the construction materials companies employ about 200,000 people and the gross product of the cement and concrete manufacturing segment of the construction industry exceeds $35 billion annually [35] . Yearly worldwide per capita production of concrete exceeds one metric ton.
On the negative side, among other challenges, the production of the basic concrete ingredient, namely Portland cement clinker, requires large amounts of fossil fuel energy and the by-products of the manufacturing process include such undesirable substances as CO 2 and high-alkali solid waste (e.g. kiln dust). The cost of energy and the cost of environmental compliance is very high. Also, if improperly produced or maintained, the concrete infrastructure repair and replacement are extremely costly.
It is for the abovementioned reasons that the environmental durability of concrete as a material and as structure is extremely important in economic terms and is being taken very seriously by the manufacturers and users of concrete. The main technical challenges of the concrete industry can be summarized as follows [36] :
• Process improvement throughout the lifetime of concrete, including design, manufacturing, transportation, construction, maintenance, and repair; • product performance in terms of quality (durability, mechanical performance, etc.) and life-cycle cost and performance;
• energy efficiency in all aspects of concrete life cycle, especially in cement clinker manufacturing fuel consumption (this may require novel technologies and products); • environmental performance, including use by the industry of recycled waste and byproducts from within and outside the concrete industry; and • widespread transfer of existing technologies and timely identification, delivery, and implementation of newly generated research.
In the short term, durability of concrete infrastructure -thus its economic performance -can be improved by proper use of existing knowledge, adherence to standards and codes, and improved education of construction personnel and public.
